Background: Vitamins are among the most frequently used supplements (48% of US adults). However, little is known about contributions of genetic variation to their efficacy and safety. Multiple pathways link catechol-O-methyltransferase (COMT) to the vitamin E supplement, alpha-tocopherol, and cancer. Methods: Here we determined if COMT exerted pharmacogenetic effects on cancer prevention in two randomized trials of alpha-tocopherol supplementation. Pharmacogenetic effects of common COMT rs4680 (val158met), which encodes a nonsynonymous valine-to-methionine substitution, were examined in the trial plus a 10-year post-trial follow-up (overall) period of The Women's Genome Health Study (WGHS, N ¼ 23 294), a 10-year alpha-tocopherol and aspirin trial with 10 years posttrial follow-up. Results were validated in a case/control (N ¼ 2396/2235) subset of the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study (ATBC, N ¼ 29 133). The primary outcome was total cancers. Rates of cancer types prevalent in women (colorectal, breast, lung, uterine, and lymphoma/leukemia) were also examined. All statistical tests were two-sided. Results: Random-effects meta-analysis of rs4680 genotype strata, in WGHS and ATBC overall periods, revealed differential alpha-tocopherol effects compared with placebo: met/met (hazard ratio [HR] ¼ 0.88; 95% confidence interval [CI] ¼ 0.80 to 0.97; P ¼ .01), val/met (HR ¼ 0.99; 95% CI ¼ 0.92 to 1.06; P ¼ .74), and val/val (HR ¼ 1.18; 95% CI ¼ 1.06 to 1.31; P ¼ .002) with a statistically significant COMT by alpha-tocopherol interaction (P interaction <.001). Timing of effects differed, with stronger effects in WGHS trial and ATBC post-trial. Conclusion: Pharmacogenetic analysis of COMT and cancer prevention in two large randomized trials revealed statistically significant COMT by alpha-tocopherol interaction, such that alpha-tocopherol was beneficial among rs4680 met-allele (28.0%), but not val-allele (22.8%) homozygotes. These effects indicate the need for additional studies of genetic variation as a determinant of the benefits and possible harms of over-the-counter supplements, like alpha-tocopherol, used for health promotion.
observational follow-up, provide an ideal setting to evaluate alpha-tocopherol pharmacogenetic effects.
Based on its antioxidant properties, alpha-tocopherol (vitamin E) was thought to prevent tumorigenesis by mitigating free-radical damage to biomolecules such as DNA and lipids (5) . Although there was considerable epidemiological and experimental evidence that antioxidants like alpha-tocopherol could reduce risk of cancer, randomized controlled trials (RCTs) failed to support a role in cancer prevention (6) . This paradox was attributed to lack of efficacy, variability in patient demographics, disease state, or supplement dose and duration. Further, recent studies suggest vitamin E may accelerate tumorigenesis (7) . Despite poor evidence of efficacy, vitamins remain some of the most popular supplements and are used by 48% of adults in the United States for disease prevention (8) . Individual responses to supplements vary widely; however, the contribution of genetics to this variability is not well understood.
We previously showed that genetic polymorphisms in COMT modified alpha-tocopherol effects on the rate of cardiovascular disease in the WGHS (9) . COMT is a phase II enzyme that transfers a methyl group from S-adenosyl methionine to the phenolic group of catecholamines, catechol-containing xenobiotics, and their metabolites (10) . COMT is encoded on chromosome 22q11.2, and the increased incidence of malignancy observed in chromosome 22q11.2 deletion syndrome (DiGeorge syndrome/ velocardiofacial syndrome) is thought to be related to the loss of COMT and its role in detoxification of carcinogens (11) . Results of COMT association with a wide variety of cancers, including breast (12) (13) (14) (15) (16) (17) (18) , prostate (19) , lung (20) , and colorectal (21, 22) , are inconsistent, suggesting that gene-gene or gene-environment interactions might modulate COMT's role in carcinogenesis (23) . The most extensively studied COMT single nucleotide polymorphism (SNP), rs4680 or val158met, contains a valine (val) variant that is 3-4 times more enzymatically active than the methionine (met) variant (24, 25) . Differences in enzymatic activity of rs4680 variants are inversely related to endogenous levels of COMT substrates (24, 26) . A second SNP, rs4818, in partial linkage disequilibrium, shares effects on several clinical outcomes (9, 27, 28) and encodes a synonymous transversion that contributes to differential mRNA stability (29) . Given the link between COMT, cancer, and alpha-tocopherol, we examined how genetic variation in COMT influenced alpha-tocopherol effects on cancer incidence in two seminal alpha-tocopherol clinical trials.
Methods

Study Populations
WHS and WGHS
The Women's Health Study (WHS) began in 1992 as a large scale, long-term, 2 Â 2 factorial design trial of alpha-tocopherol (600 IU Natural Source Alpha-tocopherol Association) and lowdose aspirin (100 mg) in primary prevention of cancer and cardiovascular disease among 39 876 female health professionals aged 45 years and older at enrollment (2) . WHS participants were also randomized to beta-carotene (BC), but this was terminated 2.1 years after randomization because of null findings in the Physicians' Health Study (30) . Prerandomization blood samples from 28 345 women were collected and stored for biomarker and genetic analyses. GWAS and exome scans were carried on 23 294 women (31) ; this primarily self-reported European ancestry subset formed the WGHS ( Supplementary  Figure 1 , available online). Participants were followed observationally since the trial ended in 2004 with annual follow-up questionnaires assessing demographic, lifestyle, medical history, alpha-tocopherol use, and cancer endpoints (32) . Follow-up rates after 17.9 years until December 31, 2015 were morbidity at 85% and mortality at 100%. Only confirmed cases of primary cancer, validated through medical record review by an endpoints committee of physicians, were used here. The primary outcome was total invasive cancer (excluding nonmelanoma skin cancer). Secondary endpoints were main sitespecific cancers in women: breast, colorectal, lung, and uterine in the WGHS trial plus post-trial (overall) period. Lymphoma/ leukemia was also examined.
All subjects provided informed consent before being randomly assigned, and the study was approved by the institutional review board of Brigham and Women's Hospital and was monitored by an external data and safety monitoring board.
ATBC
COMT association with total cancer was validated in a casecontrol subset from the ATBC (4). ATBC was an RCT testing daily supplementation with alpha-tocopherol and BC for prevention of lung and other cancers. Details were published previously (33, 34) . Between 1985 and 1988, 29 133 male cigarette smokers aged 50-69 years from southwestern Finland were randomly assigned using a 2 Â 2 factorial design to receive alpha-tocopherol (50 mg/50 IU) or BC (20 mg) daily for 5-8 years (median 6.1 years) through April 30, 1993 . Men with preexisting cancer other than nonmelanoma skin cancer were excluded. All subjects provided informed consent, and the study was approved by institutional review boards at both the US National Cancer Institute and the Finnish National Public Health Institute. A total of 14 564 men were allocated to alpha-tocopherol. For this analysis, follow-up was censored 10 years post-trial. Cancer cases were identified through the Finnish Cancer Registry, all cases diagnosed through April 1999, and 40% of all others were confirmed by physician medical record review. Whole blood for DNA extractions was collected in 1992-1993, near the end of the trial; hence, there were fewer genotyped cases during the trial for analysis.
The primary outcome in the ATBC validation analysis was total cancer (excluding nonmelanoma skin cancer), with data drawn from GWAS scans of prostate, colorectal, pancreas, lung, bladder, and kidney cancers as well as glioma and non-Hodgkin's lymphoma. Cases (N ¼ 2396) were matched with controls (N ¼ 2235) on age (61 year) and blood collection date. Controls were alive and cancer-free at time of diagnosis of cases. Baseline characteristics of this case-control set were nearly identical to those of the entire ATBC cohort.
Genotyping
WGHS
As previously described (31) , genotyping was performed with Human-Hap300 Duo "þ" (Illumina, San Diego, CA) using the Infinium II protocol. Self-reported European ancestry was confirmed by a multi-dimensional scaling procedure in PLINK (35) . Genotyping was successful for 99.9%-rs4680 and 99.6%-rs4818 of participants.
ATBC Genotyping (77%) was performed using Illumina 610 K (Illumina, San Diego, CA) and remaining genotyping using Illumina 550 K, Illumina Human 660W-Quad, Illumina OmniExpress, Illumina Human 1M-Duo, and Illumina Custom Infinium genotyping array (OncoArray). All men were of self-reported European ancestry. Imputation was conducted based on 1000 G phase 1, version 3 reference panel.
Statistical Analysis
Cox proportional-hazard models were used to assess COMT rs4680 and rs4818-alpha-tocopherol effects on rates of total invasive cancer assuming a standard additive (on the log scale) genetic model. For estimates of alpha-tocopherol effects, we conducted an intention-to-treat analysis in WGHS and ATBC comparing the alpha-tocopherol treatment arms to arms without alphatocopherol (placebo) during the trial, 10-year post-trial, and overall periods. The interaction of COMT SNPs with alpha-tocopherol was tested using the model coefficients of an interaction term corresponding to the product of SNP genotype (0, 1, or 2) and indicator variable(s) for alpha-tocopherol allocation (0 ¼ placebo, 1 ¼ alphatocopherol). Alpha-tocopherol effects compared with placebo were evaluated in models stratified by COMT genotype. Cox models were adjusted for age and randomized BC allocation. The WGHS models were also adjusted for aspirin and fully adjusted models included the following risk factors: smoking, body mass index (BMI), family history of cancer, alcohol use, physical activity, use of hormone therapy, and menopausal status. Additional analyses were conducted to adjust for the first 10 principal components of population structure. Sensitivity analyses were conducted on off-trial use of alpha-tocopherol in the post-trial period. ATBC main models were adjusted for cigarettes smoked/day, and years smoked and interaction models included BMI and a BC-SNP interaction term. The analysis was repeated for a second COMT SNP rs4818. Statistically significant interactions were observed between COMT and aspirin in WGHS, and COMT and BC in ATBC. Analyses of COMT-aspirin and COMT-BC interactions will be reported elsewhere. The P values presented here are two-tailed and not adjusted for multiple comparisons. P less than 0.05 was considered statistically significant. Analyses of cancer subtypes were conducted such that cancer of any type led to censoring. For all models, the proportionality assumption was verified using a time-exposure interaction term. Hardy-Weinberg equilibrium was assessed by an exact test (36) . Comprehensive Meta-Analysis (Biostat, NJ) was used for random-effects meta-analysis of the WGHS and ATBC gene dosage and genotype strata effects to derive an estimate of COMT effects across men and women.
Results
Baseline Characteristics of WGHS Participants
Baseline characteristics of the WGHS participants enrolled in the trial period (N ¼ 23 294) and those who opted in for the 10-year observational period (N ¼ 20 315) (Supplementary Figure  1 , available online) did not differ between alpha-tocopherol and placebo treatment allocation (Supplementary Table 1 , available online). Likewise, baseline characteristics of ATBC case-control participants (N ¼ 4631) did not differ by alpha-tocopherol allocation (Supplementary Table 2 , available online).
The rs4680 G (val) allele, which encodes the high-activity form of COMT, was the minor allele in both WGHS (minor allele frequency [MAF] ¼ 0.47) and ATBC (MAF ¼ 0.45) and the lowactivity A (met) was the major allele (data not shown). For rs4818, the G allele was the minor allele in both WGHS (MAF ¼ 0.39) and ATBC (MAF ¼ 0.32), and the major allele was C. The two SNPs were in moderate linkage disequilibrium in WGHS (r 2 ¼ 0.70; D 0 ¼ 1.00), and the distributions of both SNPs were in Hardy-Weinberg Equilibrium (P > .05).
COMT Gene-Dosage Effect on Alpha-Tocopherol and Cancer Prevention
During the average 10.1 years of the WGHS trial, there were 936 cancer events in the alpha-tocopherol and 959 in the placebo treatment arms. Among those randomized to alphatocopherol during the trial, the COMT rs4680 val-allele was associated with a statistically significant 13% increase in rate of total cancer (HR ¼ 1.13; 95% CI ¼ 1.03 to 1.23; P ¼ .009) ( Table 1 ). In contrast, the val-allele association among women randomly assigned to placebo was lower and statistically nonsignificant (HR ¼ 0.93; 95% CI ¼ 0.85 to 1.02; P ¼ .10). These differential effects were reflected in a statistically significant COMT gene by alpha-tocopherol interaction (P interaction ¼ .003), which was not modified by adjustment for cancer risk factors (P interaction ¼ .004). Although these COMT effects were attenuated during the 10-year post-trial observational period, the overall (trial plus 10-year post-trial) COMT gene by alpha-tocopherol interaction effect remained statistically significant (P interaction ¼ .002).
With fewer available cases and controls and a shorter ATBC trial (see Methods), the COMT gene-dosage effects during the trial period were statistically nonsignificant. In the post-trial period, there was a statistically significant 12% higher risk of total cancer associated with the rs4680 val-allele among those allocated to alpha-tocopherol (HR ¼ 1.12; 95% CI ¼ 1.02 to 1.22; P ¼ .01) and a statistically nonsignificant 6% lower rate of total cancer in the placebo arm (HR ¼ 0.94; 95% CI ¼ 0.86 to 1.03; P ¼ .17) ( Table 1 ). These differential effects resulted in a statistically significant COMT gene by alpha-tocopherol interaction (P interaction ¼ .007). In the overall period, the COMT effect among those allocated to alpha-tocopherol (HR ¼ 1.13; 95% CI ¼ 1.04 to 1.22; P ¼ .004) and COMT gene by alpha-tocopherol interaction (P interaction ¼ .01) were also statistically significant.
In random effects meta-analysis of the overall rs4680 valallele effect in the WGHS and ATBC, there was a statistically significant 11% higher rate of total cancer associated with alphatocopherol treatment (HR ¼ 1.11; 95% CI ¼ 1.05 to 1.16; P < .001) and a trend toward lower rates with placebo (HR ¼ 0.95; 95% CI ¼ 0.90 to 1.00; P ¼ .07), resulting in a statistically significant overall COMT gene by alpha-tocopherol interaction (P interaction < .001) ( Table 1) . Results were similar for the other COMT SNP, rs4818.
Alpha-Tocopherol Effects on Total Cancer in COMT Genotype Strata
In both the WGHS and ATBC, there were differential effects of randomized alpha-tocopherol by COMT genotype and, consistent with the gene-dosage results, the strength of the effects differed by study period. In the WGHS, genotype-dependent effects were evident during the trial period and attenuated during the post-trial period (Table 2; Figure 1 ). These effects were not modified when post-trial alpha-tocopherol use or principal components for population structure were included in the models. In the overall period, rates of total cancer were 15% higher for women homozygous for the val-allele randomized to vitamin-E compared with placebo (val/val: HR ¼ 1.15; 95% CI ¼ 1.00 to 1.31; P ¼ .047). Conversely, for women homozygous for the met-allele, rates of total cancer were 14% statistically ARTICLE K. T. Hall et al. | 3 significantly lower (met/met: HR ¼ 0.86; 95% CI ¼ 0.76 to 0.98; P ¼ .02). There was no effect among women who were heterozygous (val/met: HR ¼ 0.98; 95% CI ¼ 0.89 to 1.07; P ¼ .62). These findings were in marked contrast to the null effect previously reported for alpha-tocopherol without accounting for COMT gene variation during the trial period (2) and the overall period reported here (HR ¼ 0.98; 95% CI ¼ 0.93 to 1.03; P ¼ .48) ( Figure 2) .
COMT genotype strata effects on alpha-tocopherol during the ATBC trial period were statistically nonsignificant. However, differential alpha-tocopherol effects were evident in the posttrial period. The associations were directionally similar to WGHS, with a statistically significant 29% increase in rate of total cancer among val-allele homozygotes (val/val: HR ¼ 1.29; 95% CI ¼ 1.07 to 1.55; P ¼ .007) compared with placebo, no effect among heterozygotes (val/met: HR ¼ 1.00; 95% CI ¼ 0.88 to 1.13; P ¼ .95), and the 9% lower rate among met-allele homozygotes was statistically nonsignificant (met/met: HR ¼ 0.91; 95% CI ¼ 0.78 to 1.07; P ¼ .26) ( Table 2 ). The statistically significant val/val association in the overall period was driven by the post-trial period.
To evaluate the overall effect of alpha-tocopherol compared with placebo in both genders, we conducted a random effects meta-analysis of COMT genotype strata in the overall period in the WGHS and ATBC ( Table 2 ). Among the 22% of individuals homozygous for the val-allele, random assignment to alphatocopherol was associated with an 18% higher rate of total cancer (val/val: HR ¼ 1.18; 95% CI ¼ 1.06 to 1.31; P ¼ .002) compared with placebo. In contrast, among the 28% of individuals homozygous for the met-allele, the rate was 12% lower (met/met: HR ¼ 0.88; 95% CI ¼ 0.80 to 0.97; P ¼ .01). There was no association among the remaining 50.0% who were val/met (val/met: HR ¼ 0.99; 95% CI ¼ 0.92 to 1.06; P ¼ .74). Results for rs4818 were similar.
Cancer Types
The pattern of alpha-tocopherol effects on rates of individual invasive cancers (Figures 3-6 ) and lymphoma/leukemia ( Supplementary Figure 2 , available online) was generally consistent with that observed for total invasive cancer in the WGHS. Among met-allele homozygotes, rates of breast and colorectal cancer were lower with alpha-tocopherol compared with placebo though not statistically significant. For val/met individuals, rates of lung cancer and lymphoma/leukemia were nonsignificantly higher with alpha-tocopherol. Among val/val individuals, rates of breast, lung, uterine, and lymphoma/leukemia but not colorectal cancer were not statistically significantly higher with alpha-tocopherol. #Random-effects meta-analysis of WGHS and ATBC overall time periods, no heterogeneity was observed between the studies, I 2 ¼ 0. kA Wald v 2 test was used to test whether Cox proportional hazard model coefficients were different from zero. P values were two-sided. ¶Random-effects meta-analysis of WGHS and ATBC overall time periods, no heterogeneity was observed between the studies, I 2 ¼ 0. 
ARTICLE
Discussion
COMT statistically significantly modified alpha-tocopherol effects on cancer incidence, in a gene dose-response manner, in two independent RCTs of alpha-tocopherol supplementation with physician-confirmed cancer outcomes and 10 years of observational follow-up. Although originally the two RCTs examined in this study found no overall benefit of alpha-tocopherol for cancer prevention (2, 4) , among individuals homozygous for high-activity COMT rs4680 val-allele, assignment to alphatocopherol was associated with increased cancer risk, had no effect on heterozygotes, and was associated with reduced cancer risk among low-activity met-allele homozygotes. These COMT alpha-tocopherol interactions were consistent across the trials, and hence among men and women, and were also unchanged by multivariable adjustment. These results provide the first replicated evidence that pharmacogenetic effects might contribute to cancer-increasing or -decreasing effects of alpha-tocopherol supplementation.
Despite the many differences between the WGHS and ATBC trial designs including sex, age at entry, smoking status, geographical location, alpha-tocopherol dose, randomization to aspirin and BC, and duration, the long-term COMT main and alpha-tocopherol interaction effects in the trial plus 10-year periods were strikingly similar. Whereas the WGHS women and Women's Genome Health Study participants randomized to alpha-tocopherol or placebo in the overall period (trial plus 10 years). Differences between genotype strata were tested using the log-rank test; P values were two-sided. ATBC men were healthy at outset, the ATBC men were older and exclusively smokers, putting them at higher risk of cancer and suggesting these results may have broad applicability to both healthy and cancer-prone individuals. Alpha-tocopherol dose and timing of use differed in WGHS (alternate day 600 IU) and ATBC (50 IU daily), suggesting that a broad range of doses may be modified by COMT genotype. Hence, COMT genotype is a potential modifier of alpha-tocopherol effectiveness. In the WGHS, the COMT effect was statistically significant in the trial and attenuated in the post-trial period; in ATBC the reverse was true. It is difficult to assess the difference in the trial periods because in ATBC there were fewer available genotyped cases during the trial period (see Methods), and differences in total cancer between alpha-tocopherol and placebo tended to emerge 3-5 years into the trial. Hence, with the shorter ATBC trial, there may have been less time for the alpha-tocopherol effects to emerge. In the post-trial period, whereas the WGHS alphatocopherol effects were attenuated, in ATBC they were robust and statistically significant. One possible explanation for this is that, whereas WGHS events included all invasive cancers minus nonmelanoma skin cancers, ATBC only had those cancer types that were genotyped. Another possibility is that this difference could reflect COMT sexual dimorphism related to COMT metabolism of catechol estrogens, which is evident in multiple differential phenotypes among men and women (37) .
This study has several limitations. Both the WGHS and ATBC consist of participants of European ancestry. Consequently, the applicability of these findings to other races and ethnicities remains to be determined. Dietary contribution to alphatocopherol intake was not assessed, hence this study does not inform dietary effects of alpha-tocopherol. Finally, it is possible that other common variants in linkage disequilibrium with COMT are responsible for these effects.
Although our study provides some indication that COMTalpha-tocopherol interaction may affect a cross-section of cancer types, larger studies are needed to understand which Figure 4 . Kaplan-Meier curves comparing cumulative incidence of first cancer, which is colorectal cancer, in COMT rs4680 (A-C) and rs4818 (D-F) genotype strata among Women's Genome Health Study participants randomized to alpha-tocopherol or placebo in the overall period (trial plus 10 years). Differences between genotype strata were tested using the log-rank test; P values were two-sided. ARTICLE cancers are affected. Still, our findings of COMT-alphatocopherol effect modification offer one explanation for inconsistent findings in the literature on COMT association with multiple cancers (38, 39) . Although the mechanism underlying COMT-alpha-tocopherol interactions is not known, the association between COMT and metabolites of vitamin C (40, 41) , an antioxidant with links to alpha-tocopherol (42, 43) , is striking (P < 10 -106 ). Hence, future studies should examine COMT effects in oxidative stress and potential interactions with vitamin C. Further, studies are warranted to understand the potential for catechol-containing drugs and metabolites or drugs that target catecholamine pathways to perturb COMT function and in so doing modify cancer risk (9, 44, 45) .
Vitamins are taken by 48% of US adults and are used popularly to prevent disease (8) . Here, we report the pharmacogenetic effects of COMT and alpha-tocopherol on cancer prevention in two large randomized trials resulting in beneficial effects among rs4680 met-allele, but not among val-allele homozygotes. In an era when interest in supplements is increasing and optimal use is under debate, these novel findings are a strong exemplar of the importance of considering genetic composition in evaluating clinical efficacy and using pharmacogenomics to guide development of precision medicine strategies.
